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ABSTRACT

Under osmotic stress conditions such as drought and high
salinity, the plant hormone abscisic acid (ABA) plays impor-
tant roles in stress-responsive gene expression mainly
through three bZIP transcription factors, AREB1/ABF2,
AREB2/ABF4 and ABF3, which are activated by SNF1-
related kinase 2s (SnmRK2s) such as SRK2D/SnRK2.2,
SRK2E/SnRK2.6 and SRK2I/SnRK2.3 (SRK2D/EMN).
However, since the three AREB/ABFs are crucial, but not
exclusive, for the SnRK2-mediated gene expression, tran-
scriptional pathways governed by SRK2D/E/I are not fully
understood. Here, we show that a bZIP transcription factor,
ABF1, is a functional homolog of AREB1, AREB2 and
ABF3 in ABA-dependent gene expression in Arabidopsis.
Despite lower expression levels of ABFI1 than those of the
three AREB/ABFs, the arebl areb2 abf3 abf1 mutant plants
displayed increased sensitivity to drought and decreased sen-
sitivity to ABA in primary root growth compared with the
arebl areb2 abf3 mutant. Genome-wide transcriptome
analyses revealed that expression of downstream genes of
SRK2D/E/l, which include many genes functioning in
osmotic stress responses and tolerance such as transcription
factors and LEA proteins, was mostly impaired in the quad-
ruple mutant. Thus, these results indicate that the four
AREB/ABFs are the predominant transcription factors
downstream of SRK2D/E/I in ABA signalling in response to
osmotic stress during vegetative growth.
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INTRODUCTION

Higher plants, as sessile organisms, have evolved adaptive
robustness to environmental variation at the molecular and
cellular levels, as well as at the physiological level. Drought
and high-salinity stress conditions, in which water availability
is severely limited, have an adverse effect on plant growth,
survival, distribution and productivity. Under stress condi-
tions, a myriad of genes that function in the stress tolerance
and response are induced in diverse plant species (Bartels &
Sunkar 2005; Yamaguchi-Shinozaki & Shinozaki 2006).
Abscisic acid (ABA) is a key phytohormone involved in a host
of biological processes, including plant development and
responses to biotic and abiotic stresses (Finkelstein et al. 2002;
Raghavendra et al. 2010). Endogenous ABA levels in plant
cells are increased in response to osmotic stresses such as
drought and high salinity, leading to expression of stress-
responsive genes. Indeed, exogenous application of ABA can
induce many dehydration-responsive genes (Zhu 2002;
Yamaguchi-Shinozaki & Shinozaki 2006). ABA-dependent
gene expression plays an essential part of transcriptional regu-
latory networks under osmotic stress conditions as well as
ABA-independent gene expression (Yamaguchi-Shinozaki &
Shinozaki 2006).

Promoter analyses of ABA-inducible genes identified the
ABA-responsive element (ABRE; PyYACGTGG/TC) as a
conserved cis-element (Guiltinan et al. 1990; Mundy et al.
1990; Busk & Pages 1998). By using ABRESs as bait in yeast
one-hybrid screening, a group of bZIP transcription factors,
designated as ABRE-binding (AREB) proteins or ABRE-
binding factors (ABFs), were isolated (Choi et al. 2000; Uno
et al. 2000). Among the nine members of AREB/ABFs in
Arabidopsis (Yoshida et al. 2010), AREBI/ABF2, AREB2/
ABF4 and ABF3 are highly induced by ABA and osmotic
stress treatments in vegetative tissues (Choi et al. 2000; Uno
etal. 2000; Fujita etal. 2005). Further overexpression
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analyses showed that AREB1/ABF2, AREB2/ABF4 and
ABF3 are involved in ABA signalling in response to osmotic
stresses (Kang et al. 2002; Kim et al. 2004; Fujita et al. 2005;
Furihata et al. 2006). Moreover, the arebl areb2 abf3 triple
knockout mutant displayed impaired expression of ABA-
and osmotic stress-responsive genes, resulting in increased
sensitivity to drought and decreased sensitivity to ABA in
primary root growth (Yoshida ez al. 2010). Overall, AREB1,
AREB?2 and ABF3 are master transcription factors in ABA
signalling involved in drought stress tolerance.

ABA-dependent phosphorylation is a crucial post-
transcriptional regulation of AREB/ABF transcription
factors. Multiple conserved RXXS/T sites in AREB/ABFs
are phosphorylated by SNFl-related kinase 2 (SnRK2)
protein kinases in an ABA-dependent manner, as shown by
in-gel kinase assays (Uno et al. 2000; Furihata et al. 2006; Fujii
et al. 2007). Among the 10 Arabidopsis SnRK2s, three sub-
class III SnRK2s — SRK2D/SnRK2.2, SRK2E/SnRK2.6/
OST1 and SRK2I/SnRK2.3 (SRK2D/E/I) — are strongly
activated by ABA and osmotic stresses (Yoshida et al. 2002;
Boudsocq et al. 2004), and these SnRK2s co-localize and
interact with AREB/ABFs in plant cell nuclei (Fujita et al.
2009; Yoshida et al. 2010). The srk2d/e/i triple mutant displays
greatly reduced tolerance to drought stress and extreme
ABA-insensitive phenotypes throughout its life cycle (Fujii
& Zhu 2009; Fujita et al. 2009; Nakashima et al. 2009).
Genome-wide transcriptome analyses revealed that expres-
sion of a vast number of ABA- and osmotic stress-responsive
genes is impaired in the srk2d/e/i triple mutant, and that the
downstream genes of SRK2D/E/I are highly overlapped with
those of AREB1,AREB2 and ABF3, which were determined
based upon microarray data of the arebl areb2 abf3 triple
mutant (Fujita et al. 2009).

Recently, our understanding of the molecular mechanisms
underlying ABA signalling has been improved by a series of
studies inspired by identification of novel ABA receptors,
namely pyrabactin resistance 1/PYRI1-like/regulatory com-
ponents of ABA receptors (PYR/PYL/RCARs) (Ma et al.
2009; Park et al. 2009). Based upon structural insights into the
ternary complex of ABA, PYR/PYL/RCARs and protein
phosphatase 2Cs (PP2Cs) (Melcher et al. 2009; Miyazono
et al. 2009; Nishimura et al. 2009) and a reconstituent study in
vitro (Fujii & Zhu 2009; Fujii et al. 2009), a core component in
ABA signalling consisting of PYR/PYL/RCARs, PP2Cs and
SRK2D/E/T has been elucidated. Under the control of PYR/
PYL/RCAR and PP2Cs, the AREB/ABF-SnRK2 pathway
has a pivotal role as a positive regulator in ABA-dependent
gene expression (Fujita ef al. 2013). Although downstream
genes of the AREB/ABFs are highly overlapped with those
of SRK2D/E/I, two-thirds of ABA-responsive genes down-
regulated in the srk2d/e/i triple mutant were not down-
regulated in the arebl areb2 abf3 triple mutant (Fujita et al.
2009). This finding implies that AREB1, AREB2 and ABF3
are key, but not exclusive, transcription factors that regulate
gene expression downstream of SRK2D/E/I in ABA signal-
ling. However, transcription factors other than the AREB/
ABFs that function downstream of SRK2D/E/I remain
obscure.

Here, we report that ABF1 is a functional homolog of
AREBI1, AREB?2 and ABF3 in ABA signalling downstream
of SRK2D/E/I during vegetative stages from a comparative
analysis between the arebl areb2 abf3 abfl and arebl areb2
abf3 mutants. Moreover, a large-scale transcriptome analysis
of the arebl areb2 abf3 abfl quadruple mutant revealed that
a majority of downstream genes of SRK2D/E/I are directly
and indirectly regulated by the four AREB/ABFs. On the
basis of our results, we discuss the pivotal roles of AREB/
ABFs downstream of SRK2D/E/I in ABA signalling.

MATERIALS AND METHODS

Plant materials, growth conditions and
generation of transgenic plants

Arabidopsis thaliana ecotype Columbia (Col-0) plants were
grown, transformed and treated as described previously
(Fujita eral. 2005). The T-DNA insertion lines of abfl-1
(SALK_043079) and abfI-2 (SALK_132819) were obtained
from the Arabidopsis Biological Resource Center (ABRC).
A series of multiple arebl, areb2, abf3 and abfl mutants in
the Col-0 ecotype were constructed by genetic crosses
between a series of multiple arebl, areb2 and abf3 mutants
(Yoshida et al. 2010) and abfl mutants, and were screened
using primers recommended by the ABRC. We confirmed
that the AREB1, AREB2, ABF3 and ABFI genes were not
expressed in these single and multiple mutants using reverse
transcription-PCR (RT-PCR) analysis as described previ-
ously (Fujita efal. 2005). The detailed procedures for
construction of pGreenlI-based plasmids for plant transfor-
mation and plasmids for transient expression in plant cells
are described in Supporting Information Appendix S1 and
Table S1.The plant transformation vectors were transformed
into Arabidopsis by the vacuum infiltration method using
Agrobacterium tumefaciens strain GV3101 as described pre-
viously (Fujita et al. 2005).

Green fluorescent protein (GFP)
fluorescence analysis

GFP fluorescence was observed with a confocal laser scan-
ning microscope (LSMS5 PASCAL; Carl Zeiss, Oberkochen,
Germany).

Transient expression assays with
Arabidopsis protoplasts

Transient expression assays using protoplasts derived from
Arabidopsis leaf mesophyll cells were performed as
described by Yoshida et al. (2010). The RD29B-GUS plasmid
(Uno et al. 2000) and pBI35S-ELUC plasmid (Mizoi et al.
2013) were co-transfected with each effector plasmid as a
reporter and an internal control, respectively.

Bimolecular fluorescence complementation
(BiFC) analysis

BiFC analysis in onion epidermal cells was performed as
described by Yoshida et al. (2010). The yellow fluorescent
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protein (YFP) and cyan fluorescent protein (CFP) fluores-
cence was observed with a confocal laser scanning micro-
scope (LSM5 PASCAL; Carl Zeiss).

Drought tolerance assays, analysis of plant
water relations and ABA analysis

Analyses of drought tolerance of potted seedlings, plant
water relations and ABA sensitivity at the seedling stage
were performed as described previously (Yoshida et al.
2010). For drought tolerance assays within a single pot, 2- to
3-week-old seedlings were transferred from growth medium
(GM) agar plates to soil. After acclimatization for 1 week, the
seedlings were subjected to drought stress by withholding
watering for 11 to 12 d. The plants were re-watered after
significant differences in wilting were observed.

Microarray analysis

Total RNA was isolated from 12-day-old seedlings of the
arebl areb2 abf3 abfl quadruple mutant and wild-type (WT)
plants grown on GM agar plates with or without stress
treatments of 50 um ABA, dehydration, or 250 mm NaCl
for 6h, as described previously (Yoshida etal. 2010).
Genome-wide transcriptome analysis using the Arabidopsis
3 Oligo Microarray Kit (Agilent Technologies, http://
www.home.agilent.com/agilent/home.jspx) was conducted
with total RNA as described previously (Fujita et al. 2005).
For each biological replicate, material from five plants was
pooled to form a single sample for RNA purification. Two
independent RNA samples were used for each experiment.
The reproducibility of the microarray analysis was verified by
a dye swap in each experiment. Based upon the microarray
data obtained, the genes comprising the 27206 nuclear
protein-coding genes defined by The Arabidopsis Informa-
tion Resource 10 (TAIR10) release were further studied. To
search for cis-acting elements in promoters, 1 kb upstream
sequences was retrieved from TAIR10. Real-time quantita-
tive reverse transcription-PCR (qRT-PCR) analyses were
carried out with total RNA using an ABI 7500 real-time PCR
system as described previously (Yoshida eral. 2010). The
primers used in this work are listed in Supporting Informa-
tion Table S1. The microarray design and data have
been deposited in the ArrayExpress database (http://
www.ebi.ac.uk/arrayexpress; accession numbers E-MTAB-
2115).

RESULTS

ABF1 is a candidate bZIP transcription factor in
ABA signalling in vegetative tissues

To identify transcription factors that regulate gene expres-
sion downstream of SRK2D/E/I other than AREB1, AREB2
and ABF3, we considered the AREB/ABF family genes.
Among the nine AREB/ABF members in Arabidopsis,
AREBI, AREB2 and ABF3 are highly induced by osmotic
stress and ABA treatment in vegetative tissues (Fujita et al.
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2005). Moreover, our microarray analysis indicated that
ABFI and ABI5 were also up-regulated by dehydration, high
salinity and ABA treatment even though their expression
intensities were markedly lower than those of AREBI,
AREB?2 and ABF3 (Supporting Information Table S2). We
confirmed the expression levels of four AREB/ABFs and
ABI5 under stress conditions using qRT-PCR (Fig. 1). In con-
trast to AREBI, AREB2 and ABF3, expression of ABFI and
ABI5 was barely detected in 12-day-old seedlings grown
under non-stressed conditions. With dehydration, high salin-
ity and ABA treatment, ABFI was induced at lower levels
compared with AREBI, AREB2 and ABF3. The expression
profiles of the four AREB/ABF genes were similar in roots
and aerial parts (Fig. 1; Yoshida et al. 2010). Whereas the role
of ABIS is well characterized in seed maturation and germi-
nation (Finkelstein & Lynch 2000; Lopez-Molina & Chua
2000; Lopez-Molina et al. 2002), ABF1 is thought to function
in vegetative stages (Sharma et al. 2011). Consistent with the
previous study, we observed GFP signal in root cell nuclei but
not in leaf cells of transgenic Arabidopsis expressing GFP-
ABF1 fusion proteins under the control of the ABFI pro-
moter (Fig. 1b-d). The localization pattern of GFP-ABF1 in
roots was similar to those of AREB2 and ABF3 rather than
that of AREBI1 (Yoshida et al. 2010).

Our transient expression analysis using Arabidopsis leaf
mesophyll protoplasts and a reporter plasmid, which was
constructed by fusing five tandem copies of a 77 bp fragment
of the Arabidopsis RD29B promoter containing two ABRE
motifs (Uno et al. 2000) to the p-glucuronidase (GUS) gene,
revealed that expression of ABFI as well as that of AREBI,
AREB2 and ABF3 in protoplasts produced dramatically
enhanced activation of the reporter gene in the presence of
ABA compared with that in the absence of ABA (Fig. 1e).
Moreover, BiFC analysis in onion epidermal cells showed
that ABF1 co-localizes and interacts with SRK2D/E/I in
nuclei (Fig. 1f), as does AREB1 (Supporting Information
Fig. S1; Fujita et al. 2009). Taken together with phylogenetic
relationships among the four AREB/ABFs (Fujita eral.
2013), we hypothesized that ABF1 is a functional homolog of
AREB1, AREB2 and ABF3.

Generation of an areb1 areb2 abf3 abf1
quadruple mutant

Our findings thus far indicate that ABF1 is a putative func-
tional homolog of AREB1, AREB2 and ABF3 in ABA sig-
nalling, but it remains to be determined whether ABF1 plays
roles in osmotic stress signalling mediated by ABA in planta.
Considering functional redundancy among AREB/ABFs,
knockout of ABFI in the arebl areb2 abf3 triple mutant is
useful to study the role of ABF1 in planta. To investigate
whether the phenotypes of the arebl areb2 abf3 triple
mutant, which have been described previously (Yoshida et al.
2010), are enhanced by lack of ABFI, we generated arebl
areb2 abf3 abfl quadruple mutants by crossing the arebl
areb2 abf3 triple mutant and two alleles of abfl mutants, in
both of which the ABFI transcript was shown to be absent
(Supporting Information Fig. S2; Finkelstein et al. 2005;
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Sharma eral. 2011). Although the ABFI locus is located
1.2 Mb from the AREBI locus, we obtained an arebl areb2
abf3 abfl-2 quadruple mutant but not an arebl areb2 abf3
abfl-1 mutant. Considering artefacts due to two proximal
T-DNA insertions, two quadruple mutant lines produced by
independent crossing were used for further analyses.
Together with the quadruple mutant, areb2 abf3 abfI-1 and
areb2 abf3 abfl-2 triple mutants were generated.

All of the triple and quadruple mutants showed pheno-
types similar to that of WT plants, except that the inflores-
cence height of multiple mutants was significantly shorter
than that of WT plants (Supporting Information Fig. S3). This
result is consistent with the previous observation that the
areb2 abf3 and arebl abf3 double and arebl areb2 abf3 triple
mutants had slightly shorter inflorescences compared with
those of WT plants (Yoshida et al. 2010). To address the
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Figure 1. ABFI was induced by stress treatments in vegetative tissues at lower levels compared with AREBI, AREB2 and ABF3. (a) Gene
expression profiles of AREB/ABFs and ABI5 analysed using real-time quantitative reverse transcription-PCR (QRT-PCR). cDNAs were
synthesized from 1 ug total RNA prepared from 12-day-old whole seedlings with or without dehydration stress treatments, and from the root
and aerial parts of 12-day-old seedlings with or without abscisic acid (ABA) and NaCl treatments. For each gene, the expression level was
quantified from standard curves derived from each pre-quantified CDS fragment as template for qRT-PCR. The expression levels of AREBI
under non-stressed conditions or AREBI in the root under non-stressed conditions were defined as 100. Data represent means and standard
deviations of three replicate reactions. (b-d) Cellular localization of GFP-ABF1 proteins in the roots and leaf epidermis. Confocal images of
GFP fluorescence in root tips (b), root elongation zone (c) and leaf epidermal tissues (d) of ABFIpro:GFP-ABFI and 35Spro:GFP plants.
The GFP fluorescence images and images merged with Nomarski images are shown. Bars = 50 um. (e) Transient expression analysis of ABF1.
Schemes of the effector and reporter constructs used in the transactivation analysis are shown on the left. The effector constructs contain the
cauliflower mosaic virus (CaMV) 35S promoter and tobacco mosaic virus €2 sequence fused to ABFI, AREBI, AREB2 or ABF3 cDNA
fragments. The reporter construct RD29B-GUS contains five tandem repeats of a 77 bp fragment of the RD29B promoter. The promoters
were fused to the =51 RD29B minimal TATA promoter-GUS construct. Protoplasts were co-transfected with the RD29B-GUS reporter and
the effector construct. To normalize for transfection efficiency, the pBI35SQ-ELUC reporter was co-transfected as a control in each
experiment. Transactivation experiments were performed three times, of which a representative result is shown. Bars indicate the SD; n = 3.
‘Relative activity’ indicates the multiples of expression compared with the value obtained with the vector control. Nos-T, nopaline synthase
terminator. (f) Bimolecular fluorescence complementation (BiFC) visualization of interaction of ABF1 with SRK2D, SRK2E and SRK2I
following transient expression in onion epidermal cells. Yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP) fluorescence
and merged images from the same field of transfected cells are shown for each transfection combination. A 35Spro:CFP (pGKX-CFP)
control plasmid was always co-bombarded to identify transformed cells prior to the analysis of YFP fluorescence. In each transfected cell,

YFP fluorescence was normalized against CFP fluorescence. Bars = 50 um.

reason why the triple and quadruple mutants of AREBI,
AREB2, ABF3 and/or ABFI had a shorter inflorescence
compared with WT plants, the bolting time of the mutants
and WT plants was measured as number of days after germi-
nation (DAG) and number of rosette leaves at bolting
(Supporting Information Fig. S3e,f). WT plants developed a
1-cm-high inflorescence at 21-24 DAG with 5-6 rosette
leaves present, whereas all of the triple and quadruple
mutants examined bolted at 28-30 DAG with 8-10 leaves
present. Although it is still unclear whether the AREB/ABFs
are indeed involved in the transition to flowering, a series of
phenotypic analyses indicated that knockout of ABFI has
little effect on the growth of the arebl areb2 abf3 triple
mutant under normal growth conditions.

Lack of ABF1 reduces drought tolerance and
ABA sensitivity in primary root growth of the
areb1 areb2 abf3 triple mutant

The arebl areb2 abf3 triple mutant grew similar to the WT
plants, except for the shorter inflorescences, in normal growth
conditions, whereas the mutant displayed higher sensitivity
to drought compared with WT plants (Yoshida et al. 2010). To
determine whether the T-DNA insertion in ABFI enhances
drought sensitivity of the triple mutant, we compared the
difference in recovery after dehydration with plants grown in
soil between the arebl areb2 abf3 triple and arebl areb2 abf3
abfl-2 quadruple mutants (Fig. 2a,b). Despite the slight dif-
ference in survival rates of WT plants, significant decrease in
survival rates in the arebl areb2 abf3 triple mutant compared
with that of WT plants was consistently observed both in a
previous study (Yoshida et al. 2010) and in the present work.
Whereas the drought stress tolerance of the areb2 abf3 abfl-1
and areb2 abf3 abfI-2 triple mutants was slightly decreased
compared with that of the WT plants, reduction of drought
stress tolerance in the arebl areb2 abf3 triple and arebl areb?2
abf3 abfl-2 quadruple mutants was remarkable (Fig.2a).

However, the difference between the triple and quadruple
mutants was not as marked in the experiment. To assess the
slight difference in survival rates between the arebl areb2
abf3 abfl-2 quadruple and arebl areb2 abf3 triple mutants,
both mutants were grown in the same pot with WT plants and
watering was withheld (Fig. 2b). After 11-12 d without water-
ing, the survival rates of the arebl areb2 abf3 triple and arebl
areb2 abf3 abfl-2 quadruple mutants decreased to 90 and
55%, respectively, which indicated that the quadruple mutant
was more sensitive to drought than the triple mutant. These
results suggest that ABF1 functions in drought stress toler-
ance and that its role is relatively minor compared with that
of AREBI1.To assess whether enhanced sensitivity to drought
stress in the quadruple mutant compared with the triple
mutant is due to altered transpiration rates, we measured
water loss rates and standardized water contents of whole
plants under dehydration conditions (Supporting Informa-
tion Fig. S4). A slightly higher reduction was observed for
both the water loss rates and the standardized water contents
of the arebl areb2 abf3 abfl-2 quadruple mutant in compari-
son with WT plants at 47% relative humidity (RH), but the
reduction in the quadruple mutant was similar to that in the
arebl areb2 abf3 triple mutant, which was consistent with
the previous observation at 70% RH (Yoshida et al. 2010). In
contrast, water loss rates and standardized water content of
the quadruple and triple mutants were comparable to those
of the WT at lower RH (25% ). ABF1 may have little effect on
transpiration, unlike AREB1, AREB2 and ABF3, which may
be partially associated with stomatal closure under condi-
tions of drought stress (Yoshida et al. 2010), although no
remarkable difference was observed in the stomatal aperture
among the quadruple and triple mutants and WT plants
(Supporting Information Fig. S4e).

Exogenous ABA application induced ABFI gene expres-
sion and activated the transactivation activity of ABF1 in
vivo in a similar manner as AREB1, AREB2 and ABF3,
which implied that ABF1 plays a role in ABA signalling. To
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Figure 2. The arebl areb2 abf3 abfl quadruple mutant shows increased sensitivity to drought and reduced sensitivity to abscisic acid
(ABA) in primary root growth compared with the arebl areb2 abf3 triple mutant. (a, b) Plants before and after stress treatment. Watering
was withheld from 4-week-old plants for 11-12 d, and then plants were re-watered for 1 week before the photograph was taken. Wild-type
(WT) and the mutant plants (n =5 each) were grown in soil in independent 6 cm pots (a) or a 9 cm pot (b). Survival rates were calculated
from the results of four independent experiments (a; n 2 10 for each experiment) and three independent experiments (b; 7 > 20 for each
experiment). Similar results were obtained for two quadruple mutant lines in (b), thus representative results from one experiment are shown.
(c) Seedlings at 7 and 10 d after transfer to control agar plates (GM with 1% sucrose) or plates containing 150 um ABA. Seedlings were 4 d
old at the time of transfer. (d, e) Relative root growth (d) and fresh weight (e) of seedlings, which were treated as described in (c) at the
indicated number of days after transfer, were calculated from the results of three independent experiments (n > 5 for each experiment).
Similar results were obtained for two quadruple mutant lines, thus representative results from one experiment are shown. Bars indicate the

SD; n217. %P < 0.05 (t-test).
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reveal whether ABF1 is involved in ABA signalling, we com-
pared ABA sensitivity between the arebl areb2 abf3 triple
and arebl areb2 abf3 abfl-2 quadruple mutants during veg-
etative growth stages (Fig. 2c—¢). Primary root growth of the
arebl areb2 abf3 triple and arebl areb2 abf3 abfl1-2 quadru-
ple mutants was significantly less inhibited by ABA com-
pared with that of WT plants. The arebl areb2 abf3 abfl-2
quadruple mutant was more resistant to ABA than the arebl
areb2 abf3 triple mutant, which was significant on GM plates
containing 150 um ABA at 7 d after transfer. Consistent with
this result, the arebl areb2 abf3 abfl-2 quadruple mutant
grew better on GM plates containing ABA than the areb!
areb2 abf3 mutant with regard to fresh weight (Fig. 2e). These
results suggest that ABF1 plays a role in ABA signalling
during vegetative growth.

SnRK2-mediated gene expression is more
impaired in the areb1 areb2 abf3 abf1 quadruple
mutant than in the areb1 areb2 abf3

triple mutant

The arebl areb2 abf3 abfl-2 quadruple mutant was slightly
sensitive to drought stress and insensitive to ABA in terms of
primary root growth compared with the arebl areb2 abf3
triple mutant. To examine the role of ABF1 in the transcrip-
tional network in response to osmotic stress, we compared
the expression profiles of 12-day-old arebl areb2 abf3 abfI-2
quadruple mutants with those of WT plants under both
normal and stress conditions using an Agilent Arabidopsis 3
Oligo Microarray (44K feature format), and the data
obtained were compared with those for the arebl areb2 arbf3
triple and the srk2d/e/i triple mutants (Fujita et al. 2009;
Yoshida et al. 2010). The results derived from the microa-
rray analyses are summarized in Supporting Information
Table S3. After 6 h of treatment with dehydration stress,
250 mm NaCl and 50 um ABA, 95, 180 and 220 genes, respec-
tively, showed reduced expression levels (greater than four-
fold) in the quadruple mutant in comparison with expression
levels in the WT (P < 0.05). To better understand the roles of
AREB/ABFs in osmotic stress signalling, we hereafter
focused upon genes induced by dehydration, high salinity or
ABA in WT plants (Fujita etal. 2009). Comparison of
microarray results from the quadruple and triple mutants
showed that expression of more than 80% (dehydration,
36/39;NaCl, 128/158; ABA, 110/136) of down-regulated genes
in the arebl areb2 abf3 mutant was impaired in the arebl
areb2 abf3 abfl-2 mutant (Fig. 3a). Although dozens of the
genes were down-regulated only in the arebl areb2 abf3
mutant, these genes tended to show lower intensities in
hybridization signals compared with the genes down-
regulated only in the quadruple mutant (Supporting Infor-
mation Fig. S5). Considering technical limitations in the
reliable detection of low abundance genes in microarrays
(Draghici et al. 2006), the data of the quadruple mutant were
considered to be inclusive of those of the triple mutant.
Moreover, dehydration- and ABA-inducible genes were
more impaired in the arebl areb2 abf3 abfl-2 quadruple
mutant than in the arebl areb2 abf3 triple mutant (Fig. 3a).

Transcriptional regulation in SnRK2 signalling 41

Notably, the expression of 17 dehydration-responsive and 26
ABA-responsive genes, which were not significantly down-
regulated in the arebl areb2 abf3 triple mutant, was markedly
decreased in the arebl areb2 abf3 abfI-2 quadruple mutant
by dehydration stress and ABA treatment, respectively (Sup-
porting Information Tables S4 & S5). Conversely, the number
of NaCl-inducible genes down-regulated in the quadruple
mutant was comparable to that in the triple mutant (Fig. 3a
and Supporting Information Table S6). qRT-PCR was per-
formed to confirm the difference in transcriptional profile
between the arebl areb2 abf3 abfl-2 quadruple and arebl
areb2 abf3 triple mutants (Fig. 3b and Supporting Informa-
tion Fig. S6). Decreased expression of the typical stress-
inducible genes, including RD29B and RABIS, in the arebl
areb2 abf3 abfl-2 quadruple mutant treated with osmotic
stress and/or ABA was comparable to that in the arebl areb2
abf3 triple mutant, whereas the expression of MYB41 and its
downstream genes, including At5g13900, At3g22620 and
ASFT/HHT/RWPI (Cominelli etal. 2008; Lippold et al.
2009), was more impaired in the quadruple mutant after
treatment with ABA than in the triple mutant. Consistent
with the different induction patterns of MYB4I in response
to ABA and abiotic stress treatments (Supporting Informa-
tion Fig. S7; Cominelli et al. 2008), MYB41 and its down-
stream genes were not markedly induced in WT plants after
6 h of treatment with dehydration or NaCl in the present
experiment. Taken together with our findings that the arebl
areb2 abf3 abfl-2 quadruple mutant displayed enhanced
drought stress-sensitive and ABA-insensitive phenotypes
compared with the arebl areb2 abf3 triple mutant, these
results suggest that ABF1 plays important roles in osmotic
stress- and ABA-responsive gene expression in vegetative
tissues similar to AREB1, AREB2 and ABF3.

The relationship between AREB/ABF downstream genes
and SRK2D/E/I downstream genes was further examined
by comparing expression profiles of genes in the arebl
areb2 abf3 abfl-2 quadruple and the arebl areb2 abf3 triple
mutants with those in the srk2d/e/i triple mutants (Fujita
et al. 2009; Yoshida et al. 2010). To determine the range of
regulation by the AREB/ABFs, ABA-, dehydration- or
NaCl-inducible genes down-regulated in the srk2d/e/i triple
mutants were each divided into two groups based upon
their expression changes in the arebl areb2 abf3 abfl-2
quadruple and the arebl areb2 abf3 triple mutants. Three
hundred seventy out of 482, 106 out of 147, and 211 out of
260 genes were commonly down-regulated in the three
mutants examined after ABA, dehydration and NaCl treat-
ment, respectively (Fig. 4a). Expression of less than 56%
(ABA, 247/482; dehydration, 82/147) of down-regulated
genes in the srk2d/e/i triple mutant was impaired in the
arebl areb2 abf3 mutants, whereas more than 70% (ABA,
359/482; dehydration, 103/147) of genes were down-
regulated both in the srk2d/e/i mutant and in the arebl
areb2 abf3 abfI-2 mutant in this analysis (Fig. 4a). In con-
trast, expression of more than 75% of NaCl-inducible genes
down-regulated in the srk2d/e/i mutant was impaired both
in the arebl areb2 abf3 abflI-2 mutant and in the arebl
areb2 abf3 mutant. Remarkably, SRK2D/E/I downstream
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Figure 3. Number of down-regulated genes in the arebl areb2 abf3 triple mutant was increased by lack of ABFI. (a) Microarray data from
the arebl areb2 abf3 triple mutant (Fujita er al. 2009; Yoshida et al. 2010) were compared with those from the arebl areb2 abf3 abfI-2
quadruple mutant. Genes induced by dehydration, high salinity or abscisic acid (ABA) in wild-type (WT) plants (Fujita ez al. 2009) were
used for further analyses. Venn diagrams show the number of dehydration-, NaCl- or ABA-responsive genes showing reduced expression
levels in each multiple mutant in comparison with the WT expression level after 6 h of treatment with dehydration, 250 mm NaCl or 50 um
ABA, respectively. Solid and dashed lines indicate the number of genes reduced more than fourfold and two- to fourfold, respectively.

(b) Experimental validation of selected AREB/ABF downstream genes by real-time quantitative reverse transcription-PCR (qRT-PCR)
analysis, where the expression level in the WT plants under non-stressed conditions was defined as 1.0. Data represent means and SDs of
three replicate reactions.

genes harbouring two or more ABREs were mostly down- among the genes down-regulated in the srk2d/e/i mutants,
regulated at least twofold either in the arebl areb2 abf3 many genes not down-regulated in the arebl areb2 abf3
abfl-2 quadruple mutant or in the arebl areb2 abf3 triple triple mutants showed clearly decreased expression in the
mutant in response to ABA, dehydration and high-salinity arebl areb2 abf3 abfl-2 quadruple mutant (Fig. 4b). These
stress treatment (Fig. 4a). Consistent with Venn diagrams, results indicate that the four AREB/ABFs, including ABF1,
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Figure 4. Most downstream genes of SRK2D/E/I were down-regulated in the arebl areb2 abf3 abfI-2 quadruple mutant. (a) Venn diagrams
show the number of ABA-, dehydration- or NaCl-responsive genes down-regulated in the arebl areb2 abf3, the srk2d/e/i triple mutants
(Fujita et al. 2009; Yoshida et al. 2010) and the arebl areb2 abf3 abf1-2 quadruple mutant in comparison with the wild-type (WT) expression
level after 6 h of treatment with abscisic acid (ABA), dehydration or NaCl, respectively. Among significantly (greater than fourfold)
down-regulated genes in the srk2d/e/i triple mutant, the genes down-regulated by at least twofold either in the arebl areb2 abf3 triple mutant
or in the arebl areb2 abf3 abfl-2 quadruple mutant are indicated as purple. Bar graphs show the numbers of ABRE sequences in each 1 kb
upstream region of genes down-regulated by at least fourfold in the srk2d/e/i triple mutant. Each bar is colour-coded according to the Venn
diagrams. (b) Gene expression profiles of the down-regulated genes in the srk2d/e/i triple mutant. The genes are listed from top down in the
order of their expression changes in WT treated with ABA, dehydration or NaCl.

are largely involved in gene expression downstream of
SRK2D/E/T in ABA signalling.

The four AREB/ABFs are predominant
transcription factors downstream of SRK2D/E/I

To gain insight into the transcriptional regulation that
occurred via SRK2D/E/I in ABA signalling, we further char-
acterized downstream genes of SRK2D/E/I. A comprehen-
sive gene ontology (GO) analysis revealed that many genes
encoding transcription factors, LEA/Dehydrin proteins and
signalling-related proteins were among the commonly down-
regulated genes in the srk2d/e/i, arebl areb2 abf3 abfI-2 and
arebl areb2 abf3 mutants, but few genes for LEA/Dehydrin
proteins were among the down-regulated genes only
observed in the srk2d/e/i mutant (Fig. 5). Considering that
transcription factors were the major downstream genes of

SRK2D/E/ (Fig. 5), we further examined their gene expres-
sion in the mutants (Supporting Information Fig. S8). Among
77 transcription factors significantly down-regulated in the
srk2d/e/i triple mutant under either ABA, dehydration or
NaCl stress, 61 transcription factor genes were down-
regulated in the arebl areb2 abf3 abfl-2 and/or arebl areb2
abf3 mutants (Supporting Information Fig. S8a), and 16 tran-
scription factor genes were down-regulated only in the srk2d/
e/i triple mutant (Supporting Information Fig. S8b).

To investigate whether transcription factors other than the
AREB/ABFs function downstream of SRK2D/E/I, promoter
analysis was performed using the Element tool (Fig. 6a;
Mockler et al. 2007). Although 8, 8 and 12 over-represented
motifs were identified in the 1 kb promoter regions of the
genes that were down-regulated only in the srk2d/e/i triple
mutant under ABA, dehydration and high-salinity stress,
respectively, most of the motifs were also observed in the
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Figure 5. Gene ontology (GO) analysis of the down-regulated genes in the srk2d/e/i triple mutant. Bar graphs separately display the
numbers of genes classified into each GO term among the genes down-regulated in the srk2d/e/i, arebl areb2 abf3 abfl-2 and arebl areb2
abf3 mutants, and the genes down-regulated only in the srk2d/e/i mutant. GO terms are based upon the PageMan profiling tool (Usadel et al.
2006) and the Arabidopsis Functional Modules Supporting Data (Heyndrickx & Vandepoele 2012). The numbers of genes in each group are

indicated in parentheses.

promoters of the genes that were commonly down-regulated
in the three mutants in each stress condition; thus, five motifs
in all were specifically identified in the group. GTGTGA is
similar to the TGTCACA motif, which is a cis-regulatory
enhancer element involved in fruit-specific expression of the
cucumisin gene in the fruit of melon, Cucumis melo L.
(Yamagata et al. 2002); the other motifs were absent from the
plant cis-acting regulatory DNA elements (PLACE) database
(Higo et al. 1999), except an ABRE-like motif ACGTCT.
Interestingly, expression of the commonly down-regulated
genes in the srk2d/e/i,arebl areb2 abf3 abfl-2 and arebl areb2
abf3 mutants was more highly induced by ABA or osmotic
stress treatments in the WT and less intensely expressed in WT
plants under control conditions than those of the down-
regulated genes observed only in the srk2d/e/i mutant
(Fig. 6b). The trends in expression changes of the commonly
down-regulated genes were significant compared to all ABA-,
dehydration- and NaCl-inducible genes in Arabidopsis plants
(Supporting Information Fig.S9). Taken together, these
results suggest that active gene expression downstream of
SRK2D/E/I is mainly mediated by AREB1, AREB2, ABF3
and ABF1 transcription factors and ABRE cis-elements in
ABA signalling in response to osmotic stresses.

DISCUSSION

Previously, we have shown that three bZIP transcription
factors AREB1, AREB2 and ABF3 function in the regula-
tion of ABA-dependent gene expression downstream of
SRK2D/E/T (Yoshida etal. 2010). Given that the three

AREB/ABFs are important, but not exclusive, for the
SRK2D/E/I-mediated gene expression, we expected that
other transcription factors function in the transcriptional
regulation governed by SRK2D/E/I. Expression levels of
AREB/ABF family genes other than AREBI, AREB2 and
ABF3 were reported to be very low in the vegetative tissues
even under stress conditions (Fujita et al. 2005). However, in
the current study, we found that ABFI was clearly induced by
drought, high salinity and ABA treatments, although its
expression levels were low even under stress conditions com-
pared with those of AREBI, AREB2 and ABF3 (Fig. 1).
Moreover, ABF1 behaved similarly to the other three
AREB/ABFs in terms of subcellular localization in trans-
genic plants, transcriptional activity in protoplasts and
co-localization and interaction with SRK2D/E/I in plant cell
nuclei (Fig. 1; Fujita er al. 2009; Yoshida et al. 2010), suggest-
ing that the role of ABF1 overlapped with those of the three
AREB/ABFs in ABA signalling in response to drought
stress. Among the nine AREB/ABF members in Arabidopsis,
the other five transcription factors may not function in veg-
etative tissues because expression of these genes is rarely
detected in such tissues (Fig. 1 and Supporting Information
Table S2; Fujita e al. 2005). Therefore, it is likely that the
quadruple mutant allows identification of most target genes
of AREB/ABF-type transcription factors in vegetative
tissues.

Using large-scale transcriptome data for the arebl areb2
abf3 abfl-2, arebl areb2 abf3 and srk2d/e/i mutants, we ana-
lysed the downstream transcription factors of SRK2D/E/I in
vegetative tissues. In contrast to a previous study of the arebl
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microarray analyses (Fujita ef al. 2009).

areb2 abf3 triple mutant (Fujita et al. 2009), expression of
more than 70% of ABA-, dehydration- and NaCl-inducible
genes down-regulated in the srk2d/e/i mutant was impaired
in the arebl areb2 abf3 abfI-2 quadruple mutant (Fig. 4). The
numbers of ABA- and dehydration-inducible genes com-
monly down-regulated in the srk2d/e/i mutant were greatly
increased in the arebl areb2 abf3 abfI-2 quadruple mutant
compared with the arebl areb2 abf3 triple mutant, indicating

that ABF1 functions in transcriptional regulation down-
stream of SRK2D/E/I similar to AREB1, AREB2 and ABF3.
It is noteworthy that expression of the stress-responsive
SRK2D/E/I downstream genes, which harbour two or more
ABREs in their promoter regions, was almost completely
impaired in the arebl areb2 abf3 abfl-2 quadruple mutant
(Fig. 4a). Considering that successful ABA-responsive gene
expression requires multiple ABREs or the combination of
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an ABRE with one of several coupling elements in the pro-
moter regions (Shen et al. 1996), which are often present as
an ABRE motif in Arabidopsis (Zhang etal. 2005;
Gomez-Porras et al. 2007), most ABRE-dependent gene
expression downstream of SRK2D/E/I might be regulated by
AREB1, AREB2, ABF3 and ABF1.

In contrast to the common downstream genes of the
AREB/ABFs and SRK2D/E/I, the genes down-regulated
only in the srk2d/e/i mutant tend to be slightly induced by
ABA and osmotic stresses, and the known cis-elements
potentially recognized by transcription factors other than
AREB/ABFs were not observed to be specific over-
represented motifs in their promoter regions (Fig. 6).
Although a small number of ABRE-like motifs were over-
represented in their promoter regions, some of them were
not canonical ABRE sequences; thus, it is uncertain whether
all of these ABRE-like motifs are involved in gene expres-
sion in ABA signalling. These data suggest the possibility that
most of the genes down-regulated only in the srk2d/e/i
mutant are not directly regulated by ABA or osmotic stress.
SRK2D/E/I functions not only in ABA-responsive gene
expression but also in ABA-responsive physiological
changes, such as stomatal closure in vegetative tissues. We
consider that these physiological changes probably affect the
expression of some genes as a secondary effect. Such genes
may be included among the genes down-regulated only in the
srk2d/e/i mutant. Therefore, AREB1, AREB2, ABF3 and
ABF1 are the predominant transcription factors downstream
of SRK2D/E/I in ABA signalling in vegetative tissues under
osmotic stress conditions.

Our data also revealed that ABF1, the expression of which
is less abundant compared with AREBI, AREB2 and ABF3,
has physiologically important roles in ABA signalling under
drought stress conditions. The areb2 abf3 abfl triple mutant
displayed lower sensitivity to drought than the arebl areb2
abf3 triple mutant (Fig. 2), indicating that ABF1 plays a less
essential role in drought stress tolerance than AREBI.
Nevertheless, lack of ABFI in the arebl areb2 abf3 triple
mutant reduced the tolerance to drought and the sensitivity
to ABA in primary root growth (Fig. 2), and more severely
impaired the expression of dehydration- and ABA-inducible
genes (Fig. 3). On the contrary, lack of ABFI in the arebl
areb2 abf3 triple mutant did not alter transpiration rate and
stomatal aperture (Supporting Information Fig. S4). The
arebl areb2 abf3 abfl-2 quadruple mutant is more sensitive
to drought than the arebl areb2 abf3 triple mutant probably
because of reduced expression of the downstream genes of
the AREB/ABFs, such as many genes encoding transcription
factors, LEA/Dehydrin proteins and signalling-related pro-
teins (Figs3 & 5). Interestingly, the number of NaCl-
inducible genes down-regulated in the arebl areb2 abf3
abfl-2 mutant was comparable to that in the arebl areb2 abf3
mutants (Fig. 3), despite ABFI expression in response to
high-salinity stress as well as dehydration and ABA (Fig. 1).
These observations imply that transcript abundances of the
AREB/ABFs are not directly associated with their physio-
logical roles because AREB/ABFs are also regulated by
post-transcriptional modifications such as phosphorylation.

In addition to AREB1, AREB2 and ABF3, ABF1 is likely to
be required for ABRE-dependent gene expression under
conditions of drought but not high salinity.

Two recent phosphoproteomic studies using the knockout
mutants of SRK2D/SnRK2.2, SRK2E/SnRK2.6 and SRK2I/
SnRK2.3 revealed the possible substrates of SRK2D/E/I.
Among the 32 phosphopeptides down-regulated in the
srk2d/e/i mutant compared with the WT, except for two
phosphopeptides corresponding to AREB1, AREB2, ABF3
or ABF1, the remaining 30 phosphopeptides for SRK2D/E/I
candidate substrates did not include any transcription
factors (Umezawa et al. 2013). On the contrary, among 84
phosphopeptides identified as possible substrates of SRK2D/
E/Tin ABA signalling, those corresponding to eight proteins,
including AREB1/ABF2, AREB3, EEL, FLOWERING
BHLH 3 (FBH3) and TATA binding protein-associated factor
S (TAFS), were classified in the DNA binding and transcrip-
tion category by GO analysis (Wang er al. 2013). AREB3/
AtDPBF3 and EEL/AtDPBF4, which belong to the AREB/
ABF subfamily of group-A bZIP transcription factors (Fujita
et al. 2013), are predominantly expressed during early silique
development (Bensmihen ez al. 2002, 2005; Kim et al. 2002)
and are rarely expressed in vegetative tissues even under
stress conditions (Supporting Information Table S2; Fujita
et al.2005), consistent with the role of EEL in seed maturation
(Bensmihen et al. 2002). Despite the experimental evidence
that AREB3 was originally identified as an ABRE-binding
protein using cDNA libraries prepared from rosette plants
(Uno et al. 2000), and that phosphopeptides corresponding to
AREB3 were altered in response to ABA during vegetative
stages (Kline et al. 2010), the role of AREB3 in vegetative
tissues has not yet been reported. Given that Arabidopsis
plants used in these experiments were grown in liquid culture
medium, expression of EEL and AREB3 might be induced
non-specifically in vegetative tissues.

FBH3 and TAFS are likely to be involved in developmental
processes (Ito et al. 2012; Mougiou et al. 2012). FBH3 and its
homologs are the transcriptional activators of CONSTANS
(CO),whichis the photoperiodic flowering regulator (Ito et al.
2012). Notably, expression of FBH3 and CO was impaired in
the arebl areb2 abf3 abfl-2, arebl areb2 abf3 and srk2d/e/i
mutants in comparison with the expression levels in WT plants
treated with ABA and osmotic stresses (Supporting Informa-
tion Fig. S8). Given that FBH3 and CO activate FT expres-
sion, resulting in early flowering (Ito efal. 2012), our
expression data are consistent with the late-flowering pheno-
type of the arebl areb2 abf3 abfI-2 and arebl areb2 abf3
mutants (Supporting Information Fig. S3), but not with the
early flowering phenotype of the srk2d/e/i triple mutant
(Wang et al. 2013). Considering that expression of several
genes involved in floral development, such as AP3, were
up-regulated in the srk2d/e/i mutant after dehydration stress
(Fujita et al. 2009), SRK2D/E/I may be involved in flowering
in a complex manner. Conversely, in spite of the pivotal roles
of SRK2D/E/I in ABA-induced stomatal closure (Fujii & Zhu
2009; Fujita et al. 2009), known substrates of SRK2D/E/I such
as SLACI and KAT1, which play key roles in guard cells
(Joshi-Saha et al. 2011), have not been detected in the two
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phosphoproteome analyses (Umezawa et al. 2013; Wang et al.
2013). Intriguingly, a recent study has shown that SRK2E/
SnRK?2.6 is involved in phosphorylation-dependent inactiva-
tion of AKS transcription factors, which have important roles
in stomatal opening (Takahashi et al. 2013). Although it is also
noteworthy that CO and FT are involved in stomatal opening
in response to blue light (Kinoshita et al. 2011; Ando et al.
2013), further studies of the substrates of SnRK2s (Umezawa
et al. 2013; Wang et al. 2013) are required to obtain a compre-
hensive understanding of the gene expression networks regu-
lated by SnRK2s in various plant processes, including osmotic
stress responses, stomatal movements and flowering. Collec-
tively, these phosphoproteome analyses demonstrated that
AREBI1, AREB2, ABF3 and ABF1 are the main substrate
transcription factors of SRK2D/E/I in gene expression in
ABA signalling in response to osmotic stresses during vegeta-
tive growth, which supports our conclusion, derived from
transcriptome analyses, that the AREB/ABFs function pre-
dominantly in stress-responsive gene expression downstream
of SRK2D/E/.
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Figure S1. BiFC visualization of interaction of AREB1 with
SRK2D, SRK2E and SRK2I following transient expression
in onion epidermal cells.

Figure S2. Generation of an arebl areb2 abf3 abfl quadruple
mutant.

Figure S3. Growth phenotypes of arebl areb2 abf3 abfl
quadruple mutants.

Figure S4. Analyses of plant water relations in the arebl
areb2 abf3 abfl quadruple mutants.

Figure S5. Expression intensities of the genes down-
regulated either in the arebl areb2 abf3 abfl quadruple
mutant or in the arebl areb2 abf3 triple mutant.

Figure S6. Experimental validation of selected AREB/ABF
downstream genes by qRT-PCR analysis.

Figure S7. Expression patterns of MYB4I in response to
osmotic stresses and ABA.

Figure S8. Transcription factor genes down-regulated in the
srk2d/e/i triple mutant.

Figure S9. Fold changes in expression of the downstream
genes of SRK2D/E/T in WT.

Table S1. Primer pairs used in the study.

Table S2. Expression intensities of AREB/ABF genes in
microarray experiments.

Table S3. Summary of the microarray analyses.
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Table S4. Genes significantly down-regulated either in the Table S6. Genes significantly down-regulated either in the
arebl areb2 abf3 abfl-2 mutant or in the arebl areb2 abf3 arebl areb2 abf3 abfl-2 mutant or in the arebl areb2 abf3
mutant under dehydration stress. mutant by NaCl treatment.

Table S5. Genes significantly down-regulated either in the Appendix S1. Materials and methods.

arebl areb2 abf3 abfl-2 mutant or in the arebl areb2 abf3
mutant by ABA treatment.
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